Research articles on the prognosis of stroke patients were analysed to identify studies that met sound methodological principles of prognostic research as well as to identify variables capable of predicting functional outcome (ADL) after stroke. Data sources comprised a computer-aided search of published prognostic studies and references to literature used in prognostic studies. Seventy-eight studies were tested for adherence to the following key methodological criteria: reliability and validity of measurement instruments used to assess dependent and independent variables; inclusion of an inception cohort; adequate and uniform end-point of observation; control for drop-outs during period of observation; statistical testing of presumed relationship between dependent and independent variables; sufficient sample size in relation to number of determinants; control for multicollinearity; specification of patient characteristics (i.e. age, type, recurrent stroke and localization of stroke); description of interfering treatment effects during the period of observation; and crossvalidation of the prediction model in a second independent group of patients.
Introduction
A Dutch prospective epidemiological study (TESS survey) demonstrated that 58% of the patients who survive a first stroke eventually regain independence in activities of daily life (ADL), while 82% of the stroke patients will walk independently again (with or without the use of a walking device or orthosis [1] .) These results are confirmed in other epidemiolocal studies from Great Britain, Sweden, Norway and the United States [2] [3] [4] [5] [6] .
Most functional recovery occurs within the first 2 months [7-10; see for reviews 11, 12] . Rehabilitation in this early post-stroke period is considered to be most beneficial and effective [9, [13] [14] [15] ; see for review 16] . There is less functional recovery at 4 to 5 months poststroke and after 6 months little further functional recovery can be expected [7, 11, 12, 17, 18] . However, in some studies, improvements of hand function [19] , ambulation [20] and ADL [8, 20, 21] have been observed after 6 months.
With the rising costs of stroke management [22, 23] and marked heterogeneity in stroke manifestation and recovery [24, 25] , we need accurate and reliable predictors of functional recovery [24] [25] [26] [27] 29] . We also need to know more about natural recovery patterns so that we can better assess the effectiveness of therapeutic interventions and their contribution to recovery [17, 29] . Early accurate prediction of outcome in stroke victims is important to: (1) set realistic and attainable therapeutic goals; (2) facilitate proper discharge planning; and (3) anticipate the need for home adjustments and community support. Over 50 demographic, radiological, neurophysiological and neurological determinants claim individually or in combination to predict stroke outcome. The accuracy of the predictions varies from less than 40% [12, [30] [31] [32] to over 70% [33] [34] [35] [36] . These differences may be caused by the choice of combination of predictors, differences in patient characteristics, timing of post-stroke observations, assessment instruments and applied methods of statistical analysis [24, [37] [38] [39] . Prediction models have not gained acceptance because G. KWAKKEL ET Ah.
of doubts about their accuracy, their lack of applicability to other groups of patients, and practical difficulties in their use.
Gladman et al. determined the validity of five known prediction models [40] . Accuracy of prediction was found to be less than previously assumed. Differences in patient characteristics (e.g. age, stroke type and localization of stroke) may be responsible for this lack of accuracy; in particular with the application of complex multivariate models for the prediction of functional outcome [40] . This conclusion is supported by a prognostic study which validated the Edinburgh and the Guy's prognostic score in 96 hospitalized stroke patients over 75 years of age [41] .
Jongbloed [38] and Hier and Edelstein [37] recommend adequate stratification based on demographic and diagnostic data to increase external validity. Jongbloed chose six determinants which in her opinion successfully predicted functional outcome: these included level of disability on admission, age of patient, status following previous strokes, incontinence, as well as visual and spatial deficits [24] . No statistically significant relationship has been found between sex or side of stroke and functional outcome. It is unclear whether delay between onset of stroke and admission in hospital is a negative predictor for recovery [24] .
Urinary incontinence, visual and spatial deficits, functional status on admission and a history of previous strokes indicate poor functional outcome [9] . Another seven factors may predict functional recovery: level of consciousness on admission, degree of hemiplegia, extent and localization of stroke on CT scan, cardiac abnormalities, multiple neurological disorders, inattention and failure to develop any functional recovery within the first month post-stroke [9] . Hemianopia, old age, somatosensory deficiencies and side of stroke are possible negative predictors [9] .
To ensure validity in prognostic studies that examine recovery in stroke patients two questions need to be addressed: 1. Which studies meet accepted methodological criteria for evaluating the quality of prognosis research in stroke? 2. Which variables successfully predict the recovery of disability after stroke?
Method
Inclusion criteria: The definition of stroke precludes 'transient ischaemic attacks' (TIAs) [42] , and studies that include patients with TIAs will not be considered for further analysis. The present review evaluates disability corresponding to the codes 30-46 of the ICIDH (WHO [43] pages 157-162) referring to personal care and ambulation. Recovery from disability is defined as the final level of ADL independence, and improvement of ADL as the difference between functional status on admission and at a specific time after stroke. Prognostic studies that focus on extended ADL (EADL), which includes 'transport disability' and 'other locomotor disabilities' (codes 47, 48) [44, 45] , and particular skills or focal disabilities such as upper extremity skills or ambulation, are not considered here.
Literature search strategy:
The following sources were consulted for the collection of literature:
1. MEDLINE (CD-ROM), Excerpta Medica and Current Contents [46] . The following keywords were used: Cerebrovascular disorders, Activities of daily living, Self care, Physical disability, Prognosis and Outcome; 2. References to literature used in other (review) studies; 3. Indexes of journals which are not included in the MED-LINE system. All studies were collected without consideration of research design. Subsequently, adherence of the studies to definitions of stroke and disability was established and a methodological scheme was applied that enabled the evaluation of threats to internal, statistical and external validity [47] [48] [49] [50] [51] . This scheme contains criteria which are recommended by the 'Task Force on Stroke Outcome Research of Impairments, Disabilities and Handicap' in order to improve the scientific quality and comparability of stroke outcome research [52] . The methodological guidelines are in agreement with the general recommendations for studying prognosis [49, 51, 53] and experimental literature in this field [16, 47] . 
Appropriate end-points of observation
A minimal observation period of 6 months after stroke onset is considered to be necessary as functional recovery can be expected to be most significant within this period [16, 57] .
Control of patient drop-out
Specification of patient withdrawal caused by migration, death or other reasons should be provided in order to prevent a biased outcome of results [49, 51, 58] .
Statistical validity:

Control for statistical significance
Statistical validity is regarded as satisfactory when (i) the method for testing the relationship between dependent and independent variables is specified, and (ii) the explained variance is tested for statistical significance.
Adequate estimation of sample size
A sample size is considered to be adequate if at least ten patient cases are examined for each predictor [37, 51] .
Control for multicollinearity
Control for multicollinearity is regarded as sufficient if in the multivariate analysis the relation between an outcome variable and two or more independent variables is partialled out for interaction [59, 60] .
External validity:
Specification of inclusion and exclusion criteria
The patient characteristics age, type, localization and number of sustained strokes should be specified [52] .
Description of additional treatment effects during period of observation
Paramedical and medical interventions should have been reported during the period of observation [51] . It should be noted that additional treatments are also a potential confounder for discovering discriminants for functional recovery after stroke.
Cross-validation of the prediction model
The prediction model should be verified for validity and accuracy by cross-validating the derived model in a second study on an independent group of stroke patients [37, 51, 61] .
Procedure:
The above mentioned factors concerning internal, statistical and external validity were used for the evaluation of the prognostic studies. All prognostic studies were scored according to the criteria listed in Table I . In total, ten methodological key principles were registered and used for 11 criteria. To each criterion a binary weight is attached (0/1) and a maximum score is set at 11 points for each study. The methodologic quality of the prognostic studies was assessed by one reviewer (G.K.). The results were converted into binary numerals and classified with the computer program SPSS.PC+ (Version 5.0).
Results
In total 142 prognostic studies were reviewed. Sixtyfour studies did not meet the inclusion criteria for further analysis. Seventy-eight prognostic studies, involving 16149 patients with cerebrovascular disorders, were eligible for further analysis [3, 8, 19, 20, 30, 31, 33-36, 40, 41, 49, 62-126] . The results of the analysis of internal, statistical and external validity are summarized in Table II . Four of these involve validation studies of pre-existing prediction models {40, 41, 85, 99] .
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validity and reliability. In 29 studies all the assessments of determinants were reliable and valid and included items such as age [31, 63, 64, 124] , sex [121, 124] , side of lesion [100, [121] [122] [123] [124] , level of ADL independence on admission [31, 34, 76, 90, 92] , and consciousness [122, 124] . In another 36 studies (46%) only some of the determinants could be considered reliable and valid [31, 67, 68, 70, 76, 87, 91, 95, 96, 101, 103, 108, 110, 117] . However, when the criteria of reliability and validity were applied to dependent as well as independent variables in the prediction model, only 21 studies satisfied these criteria. In 38 studies, the first observation took place within 2 weeks post-stroke. The timing of initial observation varied from several days [3, 34, 36, 63, 64, 67, 78, 84, 92, 96, 117, 122, 124] to several months [79, 80, 87, 102, 103, 121] . Only 21 studies, in which the initial observation occurred within the first 2 weeks post-stroke, observed a total period equal to or exceeding 6 months.
Drop-out details (such as death, migration) were provided in 62 studies.
When criteria to verify internal validity were applied to the 78 reviewed studies, only three satisfied all four criteria [84, 119, 124] and another 12 studies fulfilled three out of four requirements [41, 67, 68, 75, 76, 85, 89, 91, 92, 101, 117, 126] . However, in these latter studies either the assessment of determinants was not reliable or valid or the timing of the final observation was lacking.
Statistical validity: In 69 studies a statistical test was conducted to establish the relation between independent and dependent variables. Linear or logistic regression analysis was most popular and was used in 43 studies. One study indicated probability values, but failed to document information regarding the applied statistical procedure [72] .
In six out of 69 studies the number of determinants was insufficient in relation to the number of patients observed [69, 74, 82, 92, 95, 112] .
Forty-one studies, in which multivariate analysis was used, were corrected for interaction between predictors by differentiating partial and raw-correlation coefficients. In doing so they permitted insight into the explained variance of the determinants.
Thirty-six studies complied completely with all three criteria designed to test statistical validity.
External validity: First and recurrent strokes were differentiated in 43 studies, and 42 studies provided additional information regarding stroke type and localization, while the remaining 35 studies failed to document these details. However, none of the studies, in which the type and localization of stroke were specified, differentiated between diagnostic strata in their prediction model. Some studies confined their target group to, for instance, ischaemic strokes in the region supplied by the anterior cerebral arteries [33, 75, 96, 110, 115, 125] ', left or right hemispheres [69, 74, 97] or supratentorial haemorrhagic strokes [76, 108] . Altogether, only 31 studies provided information about stroke characteristics as well as recurrent strokes in the cohort.
Only 14 studies reported brief information about the nature of medical and paramedical interventions during the period of observation.
Finally, 13 studies validated a prediction model with that of a second stroke group or were specifically focused on validation [40, 41, 99] or improvement [85] of an already published prediction model in an independent cohort.
Overview of adherence to methodological principles: Table II Which variables successfully predict the recovery of disability after stroke?: In spite of the above-mentioned shortcomings, eight cohort studies have been selected. These studies meet all criteria for internal and statistical validity (8 points or more), with the exception of the criteria for reliable and valid determinants. From these studies, only the findings based on valid and reliable determinants were selected. The latter studies demonstrate a trend towards the ability to predict functional recovery in stroke patients, i.e. disability on admission (within 2 weeks after stroke onset) [117, 119, 124] ; urinary continence [68, 117, 119, 124] ; degree of motor paresis or paralysis [68, 85, 117, 119, 124] ; old age [85, 91, 117, 124] ; loss of consciousness within the first 48 hours post-stroke [85, 119, 124] ; disorientation in time and place [67, 85, 124] , poor sitting balance [124] as well as status following recurrent stroke [124] . There are strong indications that high level of perceived social support may be associated with faster and better functional outcome after stroke, but sample size limitations make it impossible to rule out other confounding factors [84] . New clinically introduced assessment techniques such as positron emission tomography (PET)
•Comparability of the study groups: (A) reliability dependent variable, (B) reliability independent variable, (C) start of observation cohort <2 weeks post onset, (D) end of observation cohort ^6 months post onset, (E) control for drop-outs, (F) estimation of p value, (G) sample size sufficient according to number of determinants, (H) control for multicollinearity, (I) verification of stroke type and number of strokes, (J) description of interventions during period of observation, (K) cross validation of prediction model. (NS) = Assessment instrument not specified. GOS = Glasgow Outcome Scale (no formal reliability and validity data of assessment instrument available). KSC = Kenny Self-Care Evaluation (no formal reliability data of assessment instrument available) [56] . f Also modified Rankin scale was applied. A full description of the criteria is available from the author on request.
demonstrate that functional outcome is significantly affected by cerebral metabolic rate outside the area of infarction in hypertensive subjects [91] . Different results are published for the predicting ability of visuospatial disturbances [compare 117 and 67, 124] . Homonymous hemianopia [67, 68, 85] and conjugate deviation of the eyes [68] are possible negative predictors for disability. Finally, sex [119, 124] , ethnic origin [119, 124] , and side of stroke [124] are unlikely to be relevant predictors.
Discussion
Only 78 of 142 collected studies predicted functional outcome with respect to ADL after stroke. Many studies (45%) measured destination after discharge, timing of destination, functional improvement, specific skills or perceived health status after stroke. In spite of considerable differences in their primary goals of prognostic research 24 out of 33 reviewed articles predicted functional status after stroke [24] . Only a few reports adhered to a minimum number of key methodological principles. None of the 78 studies complied completely with the main methodological criteria set for a prognostic study. As a consequence, an objective interpretation of putative relations between determinants and functional outcome is difficult. None the less, the 14 best studies used reliable and valid instruments to assess ADL and incorporated an inception cohort (with the exception of reference [99] ). Because these articles were published in the past decade, an improvement in methodologic quality of prognostic research has been established.
Internal validity: Unreliable or invalid measurement instruments of ADL were responsible for a reduction in internal validity in half of the studies. This finding corresponds with Jongbloed's literature review [24] in which 63% of the studies measured ADL with instruments of no reported reliability or validity. There are no generally accepted criteria available for assessing ADL after stroke [129] . The Barthel Index appears to be the most frequently used assessment instrument (38%). Although only minor differences exist between popular ADL measurement scales such as the Barthel Index, Donaldson scale, Kenny Self-care Evaluation, and Katz Index, these tests do not correspond very well with the disability codes of the ICIDH concept [130, pages 69-71] . In order to obtain standardized assessment methods, ADL measurements containing the disability items evolved from ICIDH have been recommended recently [131, 130] .
Clinically relevant determinants such as proprioception, sitting balance, spasticity, loss of consciousness, paresis, as well as some neuropsychological disorders (e.g. apraxia) are generally regarded as important predictors for functional outcome. However, the reliability and validity of the assessment of these determinants is not clear in all reviewed studies. However, the lack of standardization of most clinical assessment methods may have led to some factors not being reliably and/or validly assessed. Therefore the factors listed in this review as being significant may simply represent more easily measured clinical impairments or disabilities.
More than two-thirds of the studies failed to allow an adequate length of time for functional recovery. For instance, many studies are initiated in a rehabilitation facility. Referring a patient for stroke rehabilitation is not uniformly initiated and may be biased by nonmedical factors such as regional admission policies. In many studies the final observation coincided with the timing of discharge, ranging from a month up to a year post-stroke [7, 20] . Studies confirm that destination after discharge and timing of discharge are often determined by non-medical factors [29] such as the presence of a healthy partner at home [133] [134] [135] . The lack of uniformity in timing of observations could explain this variance.
The interval between onset of stroke and initial observation was 37 days in the study by Novack et al. [102] , but only 6 days in the study by Hertanu et al. [92] . Prognostic studies require an inception cohort, in which the first post-stroke observation occurs soon after the onset, followed by standardized intervals between subsequent observations [24, 38, [51] [52] [53] . Generally, the presence of neurological symptoms, such as urinary incontinence, impaired sitting balance or homonymous hemianopia, is temporary. The presence or severity of each symptom in its relation to disability is determined by the interval between onset of stroke and observation.
Finally, patient drop-out due to premature poststroke death or recurrent stroke is likely to affect expected disability in early initiated prognostic research. In particular, haemorrhagic strokes can affect outcome of disability adversely, because of a high incidence of mortality in the acute post-stroke phase [136] [137] [138] [139] . A number of early initiated post-stroke studies failed to specify the differences in patient numbers between initial and final observations.
Statistical validity: Lack of statistical validity is partly caused by failure to test found correlations for probability. As observation intervals are often not fixed [59] , systematic differences and a possible biased relationship may result. To overcome the problem of a large individual variation in timing of initial observation, Reding recommended the use of survival analysis because this technique is not sensitive to the timing of observation [27] . Another way to minimize variance can be established by using non-linear regression [30] or log-linear regression [34, 76] methods. The graphic representation of post-stroke functional recovery is exponential [11] or sigmoidal [26] and most recovery occurs within the first few months post-stroke [7, 11, 26, 63] . Wagenaar et al. [26] found a predominantly logistic recovery pattern of skilled movements with multiple observations in time. However, the multiple observations that are required in time series experiments are the most likely reason for their lack of popularity.
It has been suggested by Leigh that the results of a stepwise regression procedure are arbitrary to some extent [140] . This may be reflected in the differences found in published explained variance of predictors in multivariate models, particularly when those clinical predictors are highly interrelated. In his opinion, stepwise routines lead to a problem when two variables (e.g. initial disability index and hemiplegia) are highly correlated. In a stepwise regression model, choosing one of these variables at an early stage will decrease the predictive power of the second variable, which ultimately may be excluded from the model. Hence, when using the two variables mentioned above, initial disability index may be included, while hemiplegia is not. However, the reverse selection may also be implemented.
In six out of 78 reviewed studies the number of observed patients was too small when taking the number of determinants into account. In this study, the three criteria for evaluation of statistical validity are not very specific. For example, another perceived problem pertains to the use of parametric regression methods in studies with ordinal dependent variables, which violates basic assumptions of proper regression analysis [141] .
Neither the selected statistical methods for optimal estimation of variance nor (parametric) regression methods for ADL measurement are included for further consideration in this review of selected literature. However, these items need to be considered in future research.
External validity: Approximately 60% of prognostic studies did not specify patient characteristics such as type, location of stroke and number of recurrent strokes. Consequently the percentage of patients afflicted by subarachnoid haemorrhage, brainstem stroke or recurrent strokes could not be traced. Moreover, all the studies reviewed failed to distinguish between diagnostic strata (i.e. localization and extent of ischaemic or haemorrhagic stroke) in the prediction model. Reding [27] blamed this lack of diagnostic strata mainly on the lack of reliable and valid assessment instruments for specifying either the location or the extent of stroke. A more meaningful, distinct classification for different groups of stroke patients is required for future research. Only a few studies included premorbid data regarding pertinent patient characteristics [e.g. 20, 124] . Thus possible interactions may occur between stroke and cardiac disease [116] , recurrent strokes [8, 20, 124] or other pre-existing degenerative diseases affecting mobility in elderly people. The more frequently occurring pre-existing disabilities in elderly patients may indeed be responsible for age being a negative predictor in recovery of disability after stroke [see 39, 41, 80] . However, there is no consensus on this subject [24, 80, 101, 142] . Some studies reported a negative influence of age on improvement [101, 143, 144] and outcome of disability [19, 20, 31, 63, 73, 85, 92, 101] , but other studies did not [see, respectively, 145-149 and 80, 90] . A recent study suggested poor compensatory ability in elderly stroke patients as well as poor initial ADL-related aspects, but found no agerelated differences in neurological improvement. In addition, a 10-year increase in age resulted in a 3-point decrease in Barthel Index gain [101] .
Conclusion
This review of selected best studies has established the ability of a number of determinants to predict functional recovery after stroke. These include disability on admission, urinary continence, degree of motor paresis, age, level of consciousness within the first 48 hours post-stroke, orientation in time and place, status following recurrent stroke, sitting balance and level of perceived social support. Jongbloed identified five predictors [24] , while Dombovy et al. proposed ten poor prognostic indicators for disability [9] . These differences may be caused by a systematic approach to the application of relevant methodological criteria for qualifying prognostic research, the use of a computeraided search for collecting articles regarding the prediction of disability after stroke, and the inclusion of newly published prognostic research of improved methodological quality in the past decade.
In future prognostic research, flaws in internal and statistical validity need to be addressed. The establishment of generally accepted standardized methodological criteria in prognostic stroke studies is required, because some criteria are considered arbitrary. Reaching consensus for all criteria is paramount. In addition, for the sake of closing the gap between research and practice there is a need to improve the applicability as well as accuracy of prediction models. In order to improve the applicability of prediction models for clinicians, measurements of relevant prognostic variables as well as algorithms of multivariate models should be simple and multivariate models should be suitable for clinical use. In order to improve the accuracy of prognostic research for relatively homogeneous patient groups, a better understanding is required of the individual time course and functional recovery patterns of ADL. To study natural recovery patterns in stroke patients, repeated measurements on the same subjects are recommended, particularly during the initial weeks [26] . Applying new statistical techniques such as growth curve analysis would enable us to model the time course of ADL. These regression techniques may result in the development of new models that combine determinants (e.g. initial value of a robust determinant such as disability at onset and the improvement of disability during initial weeks post onset).
